Recently, a number of broad-spectrum human antibodies binding to the stalk region of influenza A haemagglutinin (HA) have been isolated. As this region tends to develop substitutions at a slower rate than other regions of HA, a vaccine eliciting such antibodies could have a longer effective life. But this begs a question: is the stalk resistant to change even in the face of evolutionary pressure? In this paper, we analysed the known epitopes in the H3 stalk and, utilizing a collection of 3440 sequences, present a novel approach for detecting putative B-cell epitopes in regions such as this, in which mutations occur infrequently. We concluded that there have been periods of activity in the stalk that are consistent with the evolution of antigenic escape. This work casts light on the presence of stalk-binding antibodies in the population as a whole and, through the analysis of antigenically active regions in the stalk, may contribute to the identification of epitopes that are refractive to change and hence useful for vaccine development.
INTRODUCTION
Influenza A virus causes repeated human infections through the dual mechanisms of antigenic shift and antigenic drift. Antigenic drift, the mechanism considered in this study, arises from the gradual mutation of the surface glycoproteins haemagglutinin (HA) and neuraminidase (NA) under the evolutionary pressure of host antibodies (Wiley & Skehel, 1987) . Antigenic drift allows the virus to escape the action of neutralizing antibodies present in the host from previous infections: as a consequence, the strains used in the vaccine must be reviewed and updated regularly (WHO, 2009) .
HA is considered to be the major surface antigen. It is a homotrimer consisting of two chains: HA1, which includes the membrane-distal globular head, and HA2, which, together with HA1, forms the membrane-proximal stalk. The globular head is the location of the receptor binding site (RBS) through which the virion attaches to host cells: in addition to this role in host-cell attachment, HA also undergoes a structural transition during viral entry that is required for viral membrane fusion. Residues proximate to the N terminus of HA2 and neighbouring residues in HA1 are key to this transition (Wiley & Skehel, 1987) . Both host-cell attachment and the structural transition associated with viral entry can be inhibited by the binding of antibodies, and inhibition of either process can lead to efficient neutralization (Ekiert et al., 2011; Fleury et al., 1999) . HA subtypes are divided genetically into five clades that form two groups (Russell et al., 2004) ; of the types seen in humans, H1, H2 and H5 are in group 1, and H3 and H7 are in group 2. In humans, H1, H2 and H3 strains have been responsible for the global pandemics and recurrent seasonal infections in the 20th and 21st centuries, whilst, to date, H5 and H7 strains have produced only small outbreaks with limited human-to-human transmission.
Anti-HA antibodies raised against influenza virus in mice are found to bind to a range of locations in the globular head. For the H3 subtype, these locations were codified by Wiley et al. (1981) into five 'antigenic sites' labelled A-E. Subsequently, mouse antibodies binding below sites A-E, in the stalk region of the molecule, were isolated (Russ et al., 1987) . Experiments with human post-infection antisera, and with antibodies isolated from human volunteers, demonstrated a similarly broad distribution of binding locations. Stalk-binding antibodies have been observed in humans in response to both seasonal and pandemic infections (Staneková et al., 2012; Wrammert et al., 2011) . Broadly protective human anti-HA antibodies have been identified: some examples bind to the HA stalk, whilst others bind to the globular head .
Antibodies binding in sites A-E have been shown to inhibit host-cell binding (often demonstrated, as a surrogate, by the inhibition of haemagglutination). Whilst one stalkbinding antibody to group 1 HA that exhibits haemagglutination inhibition has been described (De Marco et al., 2012) , the three broadly protective human stalk-binding antibodies to group 2 HAs that have been structurally characterized to date act solely by inhibiting the structural change required for membrane fusion (Corti et al., 2011; Dreyfus et al., 2012; Ekiert et al., 2011) .
A broad-spectrum vaccine is a key objective of influenza vaccine research, and the induction of broadly binding anti-stalk antibodies has been advocated as a possible approach (Wang & Palese, 2009) . Such an approach would depend on the stalk being unable (or slow) to achieve antigenic escape. To date, stalk-binding antibodies isolated for structural study have been selected specifically for their reactivity against a broad range of strains. The capacity for antibodies binding in this region to exhibit broad reactivity stems from the relatively low rate of evolutionary change in this site compared with other sites, particularly sites A and B, located close to the RBS. Nevertheless, the stalk does undergo evolutionary change in the wild, and escape mutants to stalk-binding antibodies have been cultured in vitro (Clementi et al., 2011; Ekiert et al., 2011; Okuno et al., 1993; Throsby et al., 2008 ). The region is described as 'conserved' in that amino acid substitutions are often conservative in terms of their chemical properties [note that, in this study, we follow Ekiert et al. (2011) in classifying a substitution as conservative if it falls within one of the following groups: (i) Asp/Asn/Glu/Gln; (ii) Phe/ Tyr; (iii) Ile/Leu/Val/Met; (iv) Lys/Arg; (v) Ser/Thr], but examples exist of HA mutants that escape antibody action by means of a conservative substitution, such as HA1 D190N (Tsibane et al., 2012) , HA1 D127E (Schmeisser et al., 2013) and HA2 I89L (Wang et al., 2011) . In studies of stalk-binding antibodies, the substitution HA2 D19N in H3 led to a 30-fold increase in the value of the dissociation constant, K d (Dreyfus et al., 2012) , and HA2 E15Q in H3 led to a tenfold decrease in binding affinity (Ekiert et al., 2011) . The impact of conservative changes therefore cannot be discounted.
In HA2, nine locations in helix A have been reported as conserved across 93.6-99.98 % of strains studied across all subtypes (Ekiert et al., 2009) ; however, aa 57, reported in the referenced study as being 94 % conserved, underwent a frequency switch in H3 strains from Glu to Gly in 2003 after less than 5 % variation in all previous years. Thus, even some amino acids that have been highly conserved in the historical record may be capable of abrupt non-conservative change under appropriate conditions of selective pressure. Nonconserved changes occurring at low levels may be indicative of viable substitutions that could become established under appropriate conditions: notable in this respect is aa 18 in the fusogenic region, reported as .99 % conserved (Ile/Val/ Met) across all subtypes (Ekiert et al., 2011) . The H3 record contains four instances of Lys at this position, all of which were isolated in Hong Kong in an outbreak in 1999 (Tang et al., 2008) (Table S1 , available in JGV Online). As this polymorphism was not observed more widely, it is likely that the viral strain was less fit than the consensus. Nevertheless, its presence in multiple individuals suggests viability under appropriate conditions.
In an earlier paper (Lees et al., 2011) , we presented a method for predicting B-cell epitopes on the surface of HA that involved the identification of clusters consistent with the dimensions of known B-cell epitopes; many clusters in regions of HA that mutate rapidly (notably the canonical antigenic sites) were detected between successive dominant seasonal strains, whereas clusters in other regions were rarely detected and only when mutations accumulated in dominant strains separated by much longer periods of time. Viewed in isolation, mutations that never become universal in the global population provide relatively weak evidence of evolutionary pressure. However, multiple mutation events (both fixations and periods of transient polymorphism) occurring within close spatial and temporal proximity provide strong evidence for antigenic pressure from host antibodies, as there is no reason to expect that other forms of evolutionary pressure (or, indeed, hitchhiking) would produce such a configuration other than by chance, the likelihood of which we shall examine in our analysis. Moreover, such configurations are less likely to occur by chance in regions where mutation rates are low.
In this study, we utilize a curated collection of 3440 fulllength human H3N2 HA sequences covering the period 1968-2009, probing the degree of conservation and examining instances of spatial and temporal co-ordination. We examined epitopes derived from crystal studies of H3 stalkbinding antibodies, and propose two stalk-based antigenic regions that reflect the location of these epitopes. We found that a statistically significant proportion of stalk-based substitutions occurred within these antigenic sites, and identified two periods during which co-ordinated change occurred in a manner that is consistent with antigenic escape induced by evolutionary pressure.
RESULTS

Determination of stalk-based antigenic regions
Crystal studies exist of three antibodies in complex with the H3 stalk: antibodies CR8020 (PDB reference 3SDY), FI6 (3ZTJ) and CR9114 (4FQY) (Corti et al., 2011; Dreyfus et al., 2012; Ekiert et al., 2011) . We determined epitopes from these structures ( Fig. 1a: see Methods for details, and residue listing in Table S2 ). Antibodies FI6 and CR9114 bind in a similar location, whilst CR8020 binds in a separate location, closer to the viral membrane, with just four residues being shared across all three epitopes. We therefore mapped the epitope locations to two antigenic sites: site F, embodying the epitope of FI6 and CR9114, and site G, embodying the epitope of CR8020 (Fig. 1b) . The overlapping locations were assigned to the closest of the two sites. Two residues, HA1 aa 277 and 278, lay outside the stalk, in antigenic site C.
The majority of contacts in site F were in helix A of HA2 (Fig. 2a) . The HA1 and HA2 loops provided additional contacts. Antibody binding to helix A (across all influenza subtypes) is often, although not exclusively, associated with descent from the VH1-69 germline (De Marco et al., 2012; Sui et al., 2009) . CR9114 is a descendent of this germline, whilst FI6 is not.
Site G was composed primarily of contacts in the outermost strand of a b-sheet at the base of HA2, contacts in a nearby short a-helix (Fig. 2b) and contacts in the fusion peptide (HA2 aa [15] [16] [17] [18] [19] . Whilst the precise neutralizing action of stalk-binding antibodies is not well understood, and more than one mechanism may contribute (Corti et al., 2011) , fusion inhibition is a known mechanism by which stalkbinding antibodies can neutralize infection (Hashem et al., 2010) . Contacts to HA2 aa 18 and 19 were common to all three epitopes, emphasizing the probable importance of fusion inhibition in the neutralizing action of these antibodies.
N-Glycosylation sites are known to interfere with the attachment of antibodies (Skehel et al., 1984) . We inferred permanent sites near antigenic regions F and G at aa 8, 22 and 38 of HA1 and aa 154 of HA2 (see Methods). Despite the known ability of such sites to interfere with antibody binding, HA1 aa 38 and 39 were included in antigenic site F, and HA2 aa 154 was immediately adjacent to site G. It is unlikely that an antibody could bind across a populated Nglycosylation site (Skehel et al., 1984) . If we assume that neutralizing antibodies in HA2 must bind to the fusion peptide, the two N-glycosylation sites with asparagines at HA1 aa 22 and 38 would serve to prevent site F extending laterally across them or site G extending further from the viral membrane, thus explaining the demarcation of the sites. This in turn could explain the lack of mutations in HA2 in the region beyond the two N-glycosylation sites: whilst it may be possible for antibodies to bind there, their binding would be unable to extend across the sites to reach the fusion peptide. They would therefore not have a neutralizing action and so would not exert evolutionary pressure.
Fixations and polymorphism in the HA stalk
Both unvaried and varying locations are found in all regions of HA. One common pattern is an abrupt fixation, in which the consensus residue at a location changes rapidly. This pattern, which above the stalk is found almost exclusively in the antigenic sites, has been identified as providing strong evidence for selective pressure (Shih et al., 2007) . Another pattern is that of transient polymorphism, in which a mutation is observed in some strains but does not become established in the population. The spatio-temporal coordination of fixations and periods of polymorphism can provide evidence of directed activity as opposed to hitchhiking or founder effects, particularly if such events are concentrated in specific regions of the molecule. We classified each location in H3 HA based on observed activity. Locations in which one or more fixations occurred over the period 1968-2009 were classed as 'switchers', whilst locations exhibiting transient polymorphism but no fixations were classed as 'polymorphic' (see Methods, and Table S3 ).
Fixations have occurred at seven locations in HA2, of which four were located in the antigenic sites F and G. If fixations were distributed evenly in HA2, such a concentration in these sites is unlikely (P,0.03). Two of the remaining three fixations, HA2 aa 55 and HA2 aa 121, occur close to the sites. HA2 aa 55 is immediately adjacent to HA2 aa 56, which is located in site F. It is partially buried, with a solvent-accessible surface area of 54 Å 2 in the structure 3ZTJ, but a buried residue has been shown to elicit antigenic escape from a group 1 stalk-binding antibody (Throsby et al., 2008) . HA2 aa 121 lies near to the boundary of both antigenic sites and is surface exposed in the trimeric structure (Fig. 1) Fig. 2 . Detailed structure of antigenic sites F (a, orange) and G (b, green). The HA1 structure is shown in light grey and HA2 in dark grey.
Evolution in the influenza A H3 stalk from HA2 aa 153, the nearest residue in site G, and 12 Å from HA2 aa 39, the closest residue in site F. It is sufficiently close to participate in the epitope of antibodies binding in either site F or site G. It is roughly co-planar with regions of site F but lies over a ridge from site G.
Antigenic transition in antigenic sites F and G
We next examine mutations in antigenic sites F and G, and in the two neighbouring switcher locations. We found that, at various points since the introduction of H3 to the human population in 1968, change had occurred across multiple locations in the sites, in a manner that was co-ordinated in time, and that the affected locations formed clusters whose dimensions were consistent with the dimensions and spatial constraints of B-cell epitopes. Fig. 3(a) shows a timeline of changes in the antigenic sites and the two neighbouring switcher locations. We considered these events in chronological order, considering the possibility of linkage between events that were both spatially and temporally close.
In the period 1971-1983, activity was seen in the two sites F and G. Within site F, residue HA2 aa 18, which is shared by the epitopes of all three antibodies discussed above, underwent a fixation, and the adjacent residue at HA1 aa 19 underwent a period of transient polymorphism (Fig.  3d) . The temporal co-ordination between changes at HA2 aa 18 and HA2 aa 55 (which is adjacent to site F) was striking (Fig. 3b, c) . Other similar examples of co-ordination can be seen in Fig. 3(a) (Clementi et al., 2011) . This antibody was isolated from a 55-year-old subject and first reported in 2009 (Burioni et al., 2009) , and, given the specificity, is likely to have developed in the period prior to 1982. It also provides highly relevant evidence of antibody escape as a result of a conserved change.
Between 1984 and 1992, little activity was seen, but in the period 1993-2008, we again observed activity in the two sites F and G. The fixation HA2 K121R in 1993 was followed by transient polymorphisms at HA2 aa 49 and 56 in 1993-1994 and then by the fixation HA2 D46N in 1996. Three of the affected locations were in antigenic site F, whilst the fourth was the neighbouring residue HA2 aa 121 (Fig. 3e) . These locations had a maximum distance between them of 34 Å , which is consistent with the mean maximum dimension of a B-cell epitope (Rubinstein et al., 2008) .
In 1999, polymorphic activity was seen in site F at HA1 aa 291 and HA2 aa 18. This was followed in 2000 by a fixation in HA2 aa 57, the period of fixation extending over 4 years, during which time there was continued polymorphism at the first two locations. The activity in site F concluded with the fixation HA2 N46D: this was a reversion of the fixation observed in the previous period.
Coinciding activity in site G started with a small transient polymorphism in HA2 aa 150 in 2003, following which there were two fixations at HA2 aa 32: T32I in 2004-2005 and I32R in 2007-2008 . These changes were quite distant from the changes in site F: the diameter of the overall patch was 45 Å . Epitopes of this overall size have been observedthe H3 epitope of FI6 extends over 58 Å -and so it is possible that these changes are associated with an epitope that spans the two sites. Equally, the activity in site G could be independent.
Also in this period, there was a fixation neighbouring the antigenic sites: HA2 R121K. This was a reversion of the second fixation observed in the previous period. As noted in the previous section, HA2 aa 121 is close to both sites F and G, but a ridge separates it from site G, so that it is more likely to be part of an epitope with antibodies binding in site F. It also seems most likely that the two reversions occurring in this period were related rather than independent, particularly as the two fixations were closely linked in time.
DISCUSSION
We identified two antigenic sites in the H3 stalk, analogous to the five sites previously identified in the H3 globular head. The extent of these sites appears to be bounded by permanent N-glycosylation sites, and the two sites meet in the fusogenic region. Interference with the fusogenic function neutralizes the virus and is the likely source of the antigenic pressure exerted by antibodies binding in the two regions. The antigenic sites were identified from the known epitopes of three antibodies, in a similar manner to the identification of sites A-E, which were derived from consideration of a small collection of antibodies (Wiley & Skehel, 1987; Wiley et al., 1981; Wilson & Cox, 1990) . Conformational epitopes are known to have structural and compositional features, making some parts of a protein more immunogenic than others (Kringelum et al., 2013; Rubinstein et al., 2008) . The prevalence of the VH1-69 gene in stalk-bonding antibodies is also notable in this respect, as it indicates that antibodies of a particular germline can favour specific protein topologies. It is reasonable to suppose that the stalk antigenic regions will be shared by other antibodies, as turned out to be the case for regions A-E.
Fixations in the stalk are concentrated around the proposed antigenic sites, with four of the seven fixations occurring within the sites as defined, and two closely adjacent. In deriving our sites, we relied strictly upon information from available crystal structures. In the light of the co-ordinated activity revealed in Fig. 3(a) , however, it would be logical, and in keeping with the approach in which the residues of sites A-E were determined (Bush et al., 1999) , to assign HA2 aa 55 and 121 to the sites, thus creating a wider definition of the two sites that reflects substitution activity. Residue 55 is adjacent to site F. Residue 121 is approximately equidistant from the two sites, but our analysis linked it more closely with activity in site F.
We demonstrated that, within the region demarcated by sites F and G, to which antibodies are known to bind, there have been two periods of spatially and temporally coordinated activity, which are consistent with the evolution of antigenic escape. Whilst we cannot with certainty ascribe particular changes to this cause, the possibility that such escape has occurred cannot be discounted. Likewise, the degree of mutability we saw in the stalk demonstrates a potential for future escape.
It might be suggested that the broad-spectrum nature of stalk-binding antibodies would not allow for the possibility of antigenic escape. It should be noted that their action is broad, rather than universal. Those antibodies chosen for study were selected specifically for their broad binding ability. Nevertheless, escape mutants have been raised against them in a number of cases (Clementi et al., 2011; Ekiert et al., 2011; Okuno et al., 1993; Throsby et al., 2008) . IC 50 values vary significantly: for example, for antibody CR9114, reported IC 50 values range from ,0.1 mg ml 21 for some group 1 strains to .100 mg ml 21 for some group 2 and influenza B virus strains (Dreyfus et al., 2012 Dominant  68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99  01 02 03 04 05 06 07 08 09  00  Location  19  291  292  18  43  45  46  49  56  57   325  11  32  150 55 121 -ordinated activity, 1971-1983 (d) and 1993-2008 (e) . Epitopes on HA had a typical longest dimension of 35-40 Å (Lees et al., 2011 ) and a scale is indicated for comparison.
Evolution in the influenza A H3 stalk the combinatorial possibilities, and has tended to assume that conserved substitutions will not lead to escape and that substitutions observed rarely are not consequentialassumptions that we have argued are open to question. The suggestion of antigenic escape is therefore not in conflict with experimental results. The interest in very broadspectrum types, which are known to be rare in the population, may have led to research or reporting bias, with less broadly binding examples going unexamined or unreported.
Previously, we and other researchers have applied the approach of substitution analysis to H3 HA1, revealing a wider and more comprehensive picture of directed evolution than has been attained with approaches based on the ratio of non-synonymous and synonymous substitutions (Lees et al., 2011; Shih et al., 2007) . Because of the lower mutation rate in the stalk, substitution analysis on its own reveals little detail. By extending it to include consideration of the temporal co-ordination of fixations and polymorphisms and their locations with respect to known epitopes, we have been able to present a picture of evolution in the stalk that is consistent with the influence of antigenic pressure.
Our work suggests several lines of enquiry that would be helpful in understanding the likely effectiveness of vaccines based on the presentation of stalk-based antigens. In particular, stalk-binding antibodies could be raised in animals against early strains of H3N2, and assayed for binding strength on strains exhibiting the key variations highlighted in this paper. In more general terms, we suggest that the binding strength of those broad-spectrum antibodies isolated to date should be tested against a wider range of H1 and H3 strains, in order to establish the degree of variation that occurs when changes observed in human wildtype strains are present both singly and in combination. Finally, given the wide variation in IC 50 values observed experimentally with these antibodies, a greater understanding of likely physiological concentrations would be helpful in order to confirm broad-spectrum effectiveness.
From a surveillance point of view, our work underscores the importance of monitoring the development of polymorphisms in the stalk, as they may be indicative of antigenic escape with implications for sections of the population that have developed protection via relatively broadly protective antibodies binding there. Supporting evidence that such surveillance is important comes from studies of pandemic H1N1 strains, where the mutation E374K in the stalk has been associated with loss of vaccine effectiveness (Maurer-Stroh et al., 2010; Strengell et al., 2011) . As an associated point, serological surveillance has tended to focus on changes in HA1. It would be helpful to develop assays that will identify antigenic escape from stalk-binding antibodies, which could be indicative of strains to which the wider population has reduced immunity. Assays based on artificial or augmented constructs (Martínez-Sobrido et al., 2010; Pica et al., 2012) may help in this respect. 1971-1972 and 1980-1982. Other constituent residues of these Nglycosylation sites were invariant, apart from some variation in (Gallagher et al., 1988; Wilson et al., 1981) .
Sequences. A total of 10 171 sequences of the HA of human wildtype H3N2 strains isolated between 1968 and 2009 were downloaded from http://www.fludb.org. Mis-classified sequences (in particular, those arising from mutation experiments) were eliminated, and consensus sequences were constructed where more than one sequence for a strain was found, leading to sequences for 9291 unique strains. From these, all available full-length sequences (covering both HA1 and HA2), representing 3440 strains, were obtained for use in this study.
Fixations and polymorphisms. Fixations (effective frequency switches) were identified as described previously (Shih et al., 2007) . Briefly, for a fixation to occur, we require the major amino acid at a given location to change between successive years, and for the replacement amino acid to retain its dominance for at least 1 year. Because in some earlier years the number of sequences available was small, a statistical test was used to confirm significance. In our work, the year in which a fixation was deemed to occur was taken as the year in which the majority frequency switched from one amino acid to another. A period of 1 year or more in which the frequency of the dominant amino acid fell below 95 %, but was not associated with a frequency switch, was classified as a period of transient polymorphism.
Determination of epitopes. Protein-protein interactions inferred by PDBsum (http://www.ebi.ac.uk/pdbsum/) were used to determine epitope residues in each structure. In PDBsum, hydrogen-bonded atomic contacts are inferred by appropriate distance and bond angle between donor-acceptor pairs, and non-bonded contacts (involving
